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Figure 1: Comparing the typical gravitational-wave strain for various binary systems to the sensitivity of
interferometric detectors. The current generation of ground-based detectors, which are sensitive above
10 Hz, (GEO600, Virgo and LIGO) is compared to the second generation of detectors, like Advanced
LIGO (AdLIGO). Third generation detectors (like the Einstein Telescope, ET) would improve the
sensitivity by another order of magnitude across a similar broad frequency range. The figure also
shows the space-based detector LISA, which will be a supreme instrument for detecting signals from
supermassive black holes. It is worth noting that the dimensionless strain sensitivity of the ground-
and space-based detectors is quite similar. To see this, simply multiply the shown curves (showing the
strain per root Hz) by the square root of the frequency.

our understanding of the development of large-scale structures in the Universe.
Another key problem for LISA concerns the capture of smaller bodies by large black holes [12].

The space-based detector should be able to detect many such events. Their detailed signature provides
information about the nature of the spacetime in the vicinity of the black hole, and could therefore be
used to map the geometry, test black-hole uniqueness theorems etcetera. To model these systems is,
however, far from trivial. In particular since the orbits may be highly eccentric. The main challenge
concerns the calculation of the effects of radiation reaction on the smaller body. In addition to accounting
for the gravitational self-force and the radiation reaction, one must develop a computationally efficient
scheme for modelling actual orbits. This is not easy, but at least we know what the key issues are.

4.2 Supernovae

Our expectations are not always brought out by more detailed modelling. Sometimes the devil is in
the detail and our intuition falters. For example, one might expect apparently powerful events like
supernova explosions and the ensuing gravitational collapse to lead to very strong gravitational-wave
signals. However, the outcome depends entirely on the asymmetry of the collapse process. This is
clear from (11). The difference between the initial and the final state does not matter. It is the route
that the system takes, how it evolves, that determines the strength of the gravitational-wave signal.
Unfortunately, current numerical simulations suggest that the level of radiation from core collapse
events is rather low. Typical results suggest that an energy equivalent to ∼ 10−7M"c2 (or less!) will be
radiated [13].
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EM emission from 
NS-NS merger

• On-axis short GRB

• Off-axis radio/optical 
afterglow

• Radioactive emission 
(r-process nuclei)
=> optical/NIR
kilonova/macronova
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.

BH

obs

j
Tidal Tail & Disk Wind

Ejecta ISM Shock

Merger Ejecta 

v ~ 0.1 0.3 c

Optical (hours days)

Kilonova
Optical (t ~ 1 day)

Jet ISM Shock (Afterglow)

GRB
(t ~ 0.1 1 s)

Radio (weeks years)

Radio (years)

Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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r-process nucleosynthesis
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Figure 3. Time evolution of the total radioactive heating rate per unit mass, 〈Q〉, mass number 〈A〉, and temperature 〈T 〉 (all mass-averaged over the ejecta) for the
1.35–1.35 M# (solid lines) and 1.2–1.5 M# (dotted lines) NS mergers.
(A color version of this figure is available in the online journal.)

Figure 4. Final nuclear abundance distributions of the ejecta from 1.35–1.35 M# (squares) and 1.2–1.5 M# (diamonds) NS mergers as functions of atomic mass. The
distributions are normalized to the solar r-abundance distribution (dotted circles).
(A color version of this figure is available in the online journal.)

the neutrons are exhausted, as shown in Figure 3 by the time
evolution of the mass number 〈A〉 mass-averaged over all the
ejecta. After several hundred ms, when neutrons get exhausted
by captures (Nn ∼ 1020 cm−3), n-captures and β-decays compete
on similar timescales and fashion the final abundance pattern
before the nuclear flow becomes dominated by β-decays (as
well as fission and α-decays for the heaviest species) back to
the stability line. The average temperature remains rather low
during the late neutron irradiation, around 0.5 GK (Figure 3),
so that photoreactions do not play a major role.

The final mass-integrated ejecta composition is shown in
Figure 4. The A = 195 abundance peak related to the N = 126
shell closure is produced in solar distribution and found to be
almost insensitive to all input parameters such as the initial
abundances, the expansion timescales, and the adopted nuclear
models. In contrast, the peak around A = 140 originates
exclusively from the fission recycling, which takes place in

the A & 280–290 region at the time all neutrons have been
captured. These nuclei are predicted to fission symmetrically
as visible in Figure 4 by the A & 140 peak corresponding
to the mass-symmetric fragment distribution. It is emphasized
that significant uncertainties still affect the prediction of fission
probabilities and fragment distributions so that the exact strength
and location of the A & 140 fission peak (as well as the possible
A = 165 bump observed in the solar distribution) depend on
the adopted nuclear model.

While most of the matter trajectories are subject to a den-
sity and temperature history leading to the nuclear flow and
abundance distribution described above, some mass elements
can be shock-heated at relatively low densities. Typically at
ρ > 1010 g cm−3, the Coulomb effects shift the NSE abun-
dance distribution toward the high-mass region (Goriely et al.
2011), but at lower densities, the high temperatures lead to the
photodissociation of all the medium-mass seed nuclei into
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KISS: KIso Supernova Survey

• Extremely high cadence

• 1-hr cadence <= 2-3 days

• 4 deg2 FOV (KWFC, Sako et al.)

• ~ 21 mag in g-band (3 min)

• ~50-100 deg2 /day

• High SFR field (< 200 Mpc, 30-100 Msun/yr)

• ~100 nights/yr (around new moon)

2012 Apr: Dry run -
2012 Sep: Main survey -

Kiso 1.05m Schmidt telescope

Goal: Detection of SN shock breakout
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Hotokezaka et al. 2013

Numerical relativity
3D, time-dependent, 

multi-frequency
radiative transfer

MT & Hotokezaka 2013

1. Opacity of NS merger ejecta?
2. Characteristic feature of NS merger?



3D Monte Carlo radiation transfer code

• Cartesian 3D grid (in velocity) 323

• Frequency 100-25,000 A with dλ = 10A 
(~2500 mesh points)

• No hydrodynamics

• b-b (w/ expansion), b-f, f-f, e-scat opacity

• Local thermodynamic equilibrium

• Ionization: Saha

• Excitation: Boltzmann 

• Radiation temperature <= MC photon flux 

• Gas temperature = radiation temperature



Monte Carlo 
photon transfer
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Figure 12. Test calculations with the simple Type Ia SN model by Lucy (2005) under the gray approximation for UVOIR transfer. (Left) Bolometric luminosity
(red) and deposited luminosity (blue) in absolute magnitudes calculated with the new code. The solid lines show the corresponding results from Lucy (2005). (Right)
Temperature structure as a function of velocity for different epochs.
(A color version of this figure is available in the online journal.)
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Figure 13. Comparison of light curves for the W7 model with different numerical codes (lines): 3D MC codes by Kasen et al. (2006; blue), Kromer & Sim (2009;
black and gray), ours (red), and a 1D radiation hydrodynamic code by Blinnikov et al. (1998; green). These model light curves are also compared with the template
light curves of Type Ia SN by Hsiao et al. (2007; gray dots). For the template light curve, the rise time in the B band is assumed to be 18 days.
(A color version of this figure is available in the online journal.)
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Figure 13. Comparison of light curves for the W7 model with different numerical codes (lines): 3D MC codes by Kasen et al. (2006; blue), Kromer & Sim (2009;
black and gray), ours (red), and a 1D radiation hydrodynamic code by Blinnikov et al. (1998; green). These model light curves are also compared with the template
light curves of Type Ia SN by Hsiao et al. (2007; gray dots). For the template light curve, the rise time in the B band is assumed to be 18 days.
(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)
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Figure 13. Comparison of light curves for the W7 model with different numerical codes (lines): 3D MC codes by Kasen et al. (2006; blue), Kromer & Sim (2009;
black and gray), ours (red), and a 1D radiation hydrodynamic code by Blinnikov et al. (1998; green). These model light curves are also compared with the template
light curves of Type Ia SN by Hsiao et al. (2007; gray dots). For the template light curve, the rise time in the B band is assumed to be 18 days.
(A color version of this figure is available in the online journal.)
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supported by observations (see, e.g., Stehle et al. 2005; Mazzali
et al. 2007, 2008; Tanaka et al. 2011).

Figure 13 shows comparisons of the bolometric and
monochromatic light curves for W7 with different numerical
codes. Models are also compared with the template light curves
of Type Ia SNe by Hsiao et al. (2007; gray dots). The red
lines show our calculations. The blue lines show the results
with the 3D MC code (SEDONA) by Kasen et al. (2006). This
code adopts a large line list (including about 4 × 107 lines)
from Kurucz (1993). The black and gray lines show the results
with the 3D MC code (ARTIS) by Sim (2007) and Kromer &
Sim (2009). The black line (“detailed”) shows the calculations
with a detailed ionization treatment taking into account non-
LTE effects and with a large bound–bound line list (including
about 8 × 106 lines from Kurucz 2006). The gray line (“sim-
ple”) shows the calculations under an LTE assumption with a
moderate line list from Kurucz & Bell (1995); our code also
adopts this line list. Thus, the simple case of Kurucz & Bell
(1995) is more similar to our code. The green lines show the
results with the 1D radiation hydrodynamic code of Blinnikov
et al. (1998) and Blinnikov & Sorokina (2000).

Given the complexity of the problem, the overall agreement
among different codes is reasonable. The agreement in the
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Figure 15. (Upper panel) Bolometric light curve of the model NSM-all. (Lower
panel) Planck-mean opacity (black) and temperature (blue) at v = 0.1c. The
gray hatched area shows the epoch when the temperature at v = 0.1c is T !
10,000 K. At such early epochs, our line list is not applicable, and the opacity
is extremely low. This low opacity creates an unphysical early peak in the light
curve.
(A color version of this figure is available in the online journal.)

bolometric luminosity is almost perfect. Generally, the agree-
ment is better in optical wavelengths than in NIR wavelengths.
The U-band light curves start to differ >30 days after the
explosion. Our code provides the best match with the obser-
vations at later epochs. The computed B-, V-, and R-band light
curves agree with each other quite well, and they are also consis-
tent with observations. The computed I-band light curves also
agree among different codes, but they cannot reproduce the two
peaks clearly seen in the observations. This fact may be related
to the treatment (absorptive or scattering) of the Ca ii IR triplet
line (Kasen et al. 2006). All of the computed J-, H-, and K-band
light curves show the two peaks, which are roughly consistent
with the observations. Looking closer, the computed light curves
tend to show a fainter first peak and a brighter second peak than
the observations. Kromer & Sim (2009) demonstrated that the
number of bound–bound transitions included in the simulation
mostly affects the NIR light curves (black and gray lines in
Figure 13). It is encouraging that with a bigger line list, the first
(second) peak becomes brighter (fainter), which is closer to the
observations. We also refer the reader to Sim et al. (2010) for a
similar comparison and discussion.
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Fig. 1.— (Upper) Solar abundance r-process abundance raio in mass fraction (Simmerer et al. 2004). The abundance is normalized with
X(Ge) = 106. (Lower) The number of bound-bound transition data for different elements. Different colors show different ionization states,
from neutral (I) to triply ionized ion (IV). The atomic data at Z ≤ 30 are taken from Kurucz & Bell (1995) while the data at Z ≥ 31 are
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packet is assigned as tactive = t0,decayz−5, so that it re-
produces the energy release following t−1.2. Here t0,decay
is the beginning of the radioactive energy release. In this
paper, we set t0,decay = 10−4 days, which is sufficiently
earlier than the initial time of the simulations. When
the computation reaches to t > tactive, UVOIR packets
are created (instead of γ-ray packet for the case of SNe,
by neglecting the γ-ray transfer, see Section 3). Similar
to the case of SNe, an isotropic direction in comoving
frame is assigned. For the UVOIR packets, the initial
co-moving wavelength is assigned by sampling emissivity
jλ (Section 2.6).

Both for the cases of SNe and NS mergers, when the
time of the activation of a packet is earlier than the initial
time of the simulation (tactive < t0, where t0 is the initial
time of the simulation), the packet is created as a UVOIR
packet at t = t0. To take into account the energy loss
by adiabatic expansion, the comoving-frame energy ε is
reduced to ε = ε0(tactive/t0) (Lucy 2005).

Note that the current code does not take into account
the heating by the shock wave (see e.g., Kasen et al.
2006). Thus, the code cannot be applied for Type IIP
SNe, where the shock heating is a dominant source of
radiation at the plateau phase (up to ∼ 100 days).

2.4. γ-ray transfer

For the case of SNe, γ-ray transfer is computed. We
adopt the gray approximation with a mass absorption
coefficient of κγ = 0.027 cm2 g−1, which is known to
reproduce the results of multi-energy transport and the
observed light curves of Type Ia SNe (Colgate et al. 1980;
Sutherland & Wheeler 1984; Maeda 2006). This is also
confirmed by our test calculations (Appendix A). Once
a γ-ray packet is absorbed, it is immediately converted
to a UVOIR packet.

2.5. UVOIR transfer

Transfer of UVOIR packets is computed considering a
wavelength-dependent opacity. As opacity sources, we

consider the electron scattering, and free-free, bound-
free, and bound-bound transitions. The wavelength-
dependent opacity is evaluated in each cell after the tem-
perature estimate in each time step. The bound-bound
transition is the dominant source of opacity both for
Type Ia SNe and NS mergers.

Electron scattering: By solving the Saha equa-
tions, the number density of free electrons (ne) is com-
puted in each cell. The absorption coefficient of electron
scattering is evaluated as αes = neσTh, where σTh is the
cross section of electron scattering (or Thomson scatter-
ing).

Free-free transition: Free-free absorption coeffi-
cient for an ion (i-th element and j-th ionization stage)
is computed as in Rybicki & Lightman (1979), using com-
mon convention;

αff
i,j(λ)=

4e6

3mehc

(

2π

3kme

)1/2

T−1/2(j − 1)2

neni,jν
−3(1 − e−hν/kT )ḡff , (1)

where T , ni,j are the electron temperature (which is as-
sumed to be the same with radiation temperature, Sec-
tion 2.7), and the number density of the ion. Here ḡff is a
velocity-averaged Gaunt factor, which is set to be unity
in our code. The absorption coefficient is evaluated for
all the ions included in the ejecta.

Bound-free transition: For the bound-free absorp-
tion coefficients, we adopt

αbf
i,j(λ) = ni,jσ

bf
i,j , (2)

where σbf
i,j is the cross section of bound-free transition for

an ion. For the cross section, we use analytic formulae by
Verner et al. (1996), which is expressed by 7 parameters.
They cover elements from H through Si, and S, Ar, Ca
and Fe for all the ionization stages. The missing data are
replaced with those of the closest elements.

Since there is no data for elements heavier than Fe,
we simply use the cross section of Fe for all the heavier

~500,000 transitions (up to Fe) 
+100,000 transitions (r-process)

Evaluate bound-bound opacity
(in each time step)
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Figure 2. Bolometric light curve of the model NSM-all (black, multi-frequency
simulations). This light curve is compared with the light curves for the same
model but with the gray approximation of UVOIR transfer (κ = 0.1, 1, and
10 cm2 g−1 for the blue, purple, and red lines, respectively). The result of
multi-frequency transfer is most similar to that of gray transfer with
κ = 10 cm2 g−1.
(A color version of this figure is available in the online journal.)

compared with the light curves for the same model but with the
gray approximation of the UVOIR transfer. The blue, purple, and
red lines show the cases with gray mass absorption coefficients
of κ = 0.1, 1.0, and 10 cm2 g−1, respectively. The result of
multi-frequency transfer closely follows the light curve with
the gray opacity of κ = 10 cm2 g−1. This result indicates that
r-process element-rich NS merger ejecta are more opaque than
previously assumed (κ " 0.1 cm2 g−1; e.g., Li & Paczyński
1998; Metzger et al. 2010), by a factor of about 100. As a result,
the bolometric light curve becomes fainter and the timescale

becomes longer.7 This result is consistent with the findings of
Kasen et al. (2013) and Barnes & Kasen (2013).

Figure 3 shows the mass absorption coefficient as a function
of wavelength at t = 3 days in the model NSM-all at v = 0.1c.
The mass absorption coefficient is as high as 1–100 cm2 g−1 at
optical wavelengths. The resulting Planck mean mass absorption
coefficient is about κ = 10 cm2 g−1 (Figure 15). As a result,
the bolometric light curve of multi-frequency transfer most
closely follows that of gray opacity of κ = 10 cm2 g−1 in
Figure 2.

The high opacity in r-process element-rich ejecta is also
confirmed by a comparison with other simple models. Figure 4
shows the comparison of the bolometric light curve from the
models NSM-all, NSM-dynamical, NSM-wind, and NSM-Fe.
Compared with the NSM-Fe model, the other models show
fainter light curves. This finding indicates that elements heavier
than Fe contribute to the high opacity. The opacity in the model
NSM-Fe is also shown in Figure 3. The opacity in the NSM-all
model is higher than that in the NSM-Fe model by a factor of
about 100 at the center of optical wavelengths (∼5000 Å).

As inferred from Figure 4, the NSM-dynamical model (55 !
Z ! 92) has a higher opacity than that of the NSM-wind
model (31 ! Z ! 54). This finding arises because lanthanoid
elements (57 ! Z ! 71) make the largest contribution to the
bound–bound opacity, as demonstrated by Kasen et al. (2013).
Note, however, that even with the elements with 31 ! Z ! 54,
the opacity is higher than that of Fe.

Figure 5 shows the multi-color light curves of the model
NSM-all. In general, the emission from NS merger ejecta is red
because of (1) a lower temperature than SNe and (2) a higher
optical opacity than in SNe. In particular, the optical light curves

7 We show the results of our multi-frequency transfer simulations at t ! 1
day. Because of the lack of bound–bound transition data for triply ionized ions
in our line list (Figure 1), the opacities at earlier epochs are not correctly
evaluated. We hereafter show the results when the temperature at the
characteristic velocity is below 10,000 K, when the dominant ionization states
are no longer triply ionized ions. A detailed discussion is presented in
Appendix B.
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TABLE 1
Summary of Models

Model Mej EK vch Abundance1

(M!) (erg)

NSM-all 1.0 × 10−2 1.3 × 1050 0.12c 31 ≤ Z ≤ 92
NSM-tidal 1.0 × 10−2 1.3 × 1050 0.12c 55 ≤ Z ≤ 92
NSM-wind 1.0 × 10−2 1.3 × 1050 0.12c 31 ≤ Z ≤ 54
NSM-Fe 1.0 × 10−2 1.3 × 1050 0.12c Z = 26 (only Fe)

APR4-12152 8.6 × 10−3 4.3 × 1050 0.24c 31 ≤ Z ≤ 92
APR4-13142 8.1 × 10−3 3.6 × 1050 0.22c 31 ≤ Z ≤ 92

H4-12152 3.5 × 10−3 1.4 × 1050 0.21c 31 ≤ Z ≤ 92
H4-13142 7.0 × 10−4 1.9 × 1049 0.17c 31 ≤ Z ≤ 92

Note. — 1 Solar abundance ratios (Simmerer et al. 2004) are
assumed. 2 Models from Hotokezaka et al. 2013.

1040

1041

1042

 1  10

UV
O

IR
 L

um
in

os
ity

 (e
rg

 s
-1

)

Days after the merger

NSM-all
κ=0.1 cm2 g-1

κ=1.0 cm2 g-1

κ=10  cm2 g-1

Fig. 2.— Bolometric light curve of model NSM-all (black, multi-
frequency simulations). It is compared with the light curves for the
same model but with the gray approximation of UVOIR transfer
(κ =0.1, 1, and 10 cm2 g−1 for blue, purple, and red lines, respec-
tively). The result of multi-frequency transfer are most similar to
that of gray transfer with κ = 10 cm2 g−1.

Figure 3 shows the mass absorption coefficient as a
function of wavelength at t = 3 days in model NSM-all
at v = 0.1c. The mass absorption coefficient is as high as
1-100 cm2 g−1 in the optical wavelengths. The resulting
Planck mean mass absorption coefficient is about κ =
10 cm2 g−1 (Figure A4). This is the reason why the
bolometric light curve of multi-frequency transfer most
closely follows that with gray κ = 10 cm2 g−1 in Figure
2.

The high opacity in r-process element-rich ejecta is also
confirmed by the comparison with other simple models.
Figure 4 shows the comparison of the bolometric light
curve with that of models NSM-tidal, NSM-wind, and
NSM-Fe. Compared with NSM-Fe, the other models
show the fainter light curves. This indicates that the
elements heavier than Fe contributes to the high opacity.
The opacity in model NSM-Fe is also shown in Figure 3.
It is nicely shown that opacity in NSM-all is higher than
that in NSM-Fe by a factor of about 100 at the center of
optical wavelengths (∼ 5000 Å).

As inferred from Figure 4, NSM-tidal (55 ≤ Z ≤ 92)
has a higher opacity than that of NSM-wind (31 ≤ Z ≤
54). This is because lanthanoid elements (57 ≤ Z ≤
71) have the largest contribution to the bound-bound
opacity, as demonstrated by Kasen et al. (2013). Note
that, however, even with the elements at 31 ≤ Z ≤ 54,
the opacity is higher than Fe.

Figure 5 shows the multi-color light curves of model
NSM-all. In general, the emission from NS merger ejecta
is red because of (1) a lower temperature than SNe and
(2) a higher optical opacity than in SNe. Especially, the
optical light curves in the blue wavelengths drops dra-
matically in the first 5 days. The light curves in the
redder band evolves more slowly. This trend is also con-
sistent with the results by Kasen et al. (2013); Barnes &
Kasen (2013).

Since our simulations include all the r-process ele-
ments, spectral features are of interest. Since the sim-
ulations by Kasen et al. (2013); Barnes & Kasen (2013)
include only a few lanthanoid elements, they do not dis-
cuss the detailed spectral features. Figure 6 shows the
spectra of model NSM-all at t = 1.5, 5.0 and 10.0 days
after the merger. Our spectra are almost featureless at
all the epochs. This is because of the overlap of many
bound-bound transitions of different r-process elements.
As a result, compared with the results by Kasen et al.
(2013); Barnes & Kasen (2013), the spectral features are
more smeared out.

Note that we could identify possible broad absorption
features around 1.4 µm (in the spectrum at t = 5 days)
and around 1.2 µm and 1.5 µm (t = 10 days). In our
line list, these bumps are mostly made by a cluster of
the transitions of Y I, Y II, and Lu I. However, we are
cautious about such identifications because the bound-
bound transitions in the VALD database are not likely to
be complete in the NIR wavelengths even for neutral and
singly ionized ions. In fact, Kasen et al. (2013) showed
that the opacity of Ce from the VALD database drops in
the NIR wavelengths, compared with the opacity based
on their atomic models. Although we cannot exclude a
possibility that a cluster of bound-bound transitions of
some ions can make a clear absorption line in NS merg-
ers, our current simulations do not provide prediction for
such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Full simulation

opacity
(cm2 g-1)
κ  = 0.1
κ = 1
κ = 10

Fainter than previously expected by a factor of 10!
(consistent with Kasen+13, Barnes & Kasen 13)

MT & Hotokezaka 2013



- Very red SED (peak at NIR)
- Extremely broad-line (feature-less) spectra

(Identification of r-process elements seems difficult)
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

Short-duration c-ray bursts (SGRBs) have long been recognized as a
distinct subpopulation of c-ray bursts14. If they are indeed produced by

compact binary mergers, SGRBs may provide a bright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtaining direct redshift measurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin in massive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.

GRB 130603B was detected by Swift’s Burst Alert Telescope on
2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90 < 0.18 6 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90 < 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
detected at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Fig. 3.— Predicted light curves for NS-NS and BH-NS models. Left panel: NS-NS models. The dashed, solid, and dot-dashed curves
show the H-band light curves for the models: SLy (Q = 1.0, Mej = 0.02M!), H4 (Q = 1.25, Mej = 4 × 10−3M!), respectively. The
total mass of the progenitor is fixed to be 2.7M!. The upper, middle, and lower curves for each model correspond to the high-, fiducial-
and low-heating models. Right panel: BH-NS models. The dashed, solid, and dot-dashed curves show the models MS1 (Mej = 0.07M!),
H4 (Mej = 0.05M!), and APR4 (Mej = 0.01M!), respectively. Here only the fiducial-heating models are shown. The thin and thick lines
denote the r and H-band light curves. Here we set (Q, χ) = (3, 0.75). The observed data and the light curves of the afterglow model of
GRB 130603B in r and H-band are plotted (Tanvir et al. 2013). The observed point in r-band at 1 days after the GRB is consistent with
the afterglow model. The key observations for an electromagnetic transient are the observed H-band data at 7 days after the GRB, which
exceed the H-band light curve of the afterglow model, and the upper limit in H-band at 22 days after the GRB. These data suggest the
existence of an electromagnetic transient associated with GRB 130603B.

ratio 3 ≤ Q ≤ 7 and the nondimensional spin parameter
of the black hole 0.5 ≤ χ ≤ 0.75, the stiff EOS models
are favored. For χ ≤ 0.5, any BH-NS models with Q ≥ 7
are unlikely to produce the required amount of ejecta.
In future, the observations of gravitational waves from
compact binary mergers within ∼ 200 Mpc will provide
the masses of the binaries and their types. Combining
the observations of the gravitational-wave and electro-
magnetic signals, it will be possible to constrain more
stringently the progenitor models, in particular EOSs, of
such events.
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Observing strategy after GW detection
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min exposure). For optical wavelengths (ugriz bands), “1 m”, “4 m”, and “8 m” limits
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Summary

• MC radiative transfer for NS mergers

• Higher opacity than Fe by a factor of 100

• SED peak at near-IR

• KISS: high cadence transient survey

• Shock breakout

• EM counterpart of GW sources

• Observing strategy

• 22-25 mag (i band) => 4-8m class telescopes

• Extremely broad-line spectra


